The purpose of this study was to compare the early and late results of percutaneous and surgical revascularization of left main coronary artery stenosis.
For more than 2 decades after the advent of coronary angioplasty, left main percutaneous coronary intervention (PCI) was not considered to be a viable alternative to coronary artery bypass grafting (CABG). The unpredictable occurrence of abrupt closure or restenosis put patients undergoing unprotected left main coronary artery (ULMCA) angioplasty at risk of severe perioperative complications and late sudden death. The advent of coronary stents dramatically lowered the incidence of abrupt vessel closure, and the application of drug-eluting stents (DES) decreased the risk of ULMCA in-stent restenosis (1) (2) (3) (4) . Additionally, the restoration of native, antegrade flow through the left main coronary artery (LMCA) may have an advantage over conventional bypass surgery (5) .
Several investigators have reported the safety and feasibility of unprotected left main stenting with baremetal stents (BMS) (6 -11) . Promising long-term results have been reported with both BMS and DES in a limited series of publications (1) (2) (3) (4) 12, 13) . In our nonrandomized registry, we observed improvements in left ventricular function following PCI for ULMCA disease (14) . Thus far, there has not been a prospective randomized trial comparing the short-and long-term results of unprotected left main stenting with CABG. Additionally, it is not clear whether the method of revascularization affects left ventricular (LV) function in patients with left main stenosis.
Therefore, the purpose of the present study was to compare acute and late clinical end points, functional status, and LV function at 1 year following stent-supported PCI or CABG for ULMCA disease in a prospective randomized trial.
Materials and Methods
We enrolled 105 patients with Ͼ50% narrowing of UL-MCA, with or without multivessel coronary artery disease suitable for equal revascularization both with PCI and CABG. All patients had to be symptomatic with documented myocardial ischemia. Exclusion criteria included acute myocardial infarction, total occlusion of left main, comorbid conditions, or coronary anatomic considerations that increased the surgical risk to a Euroscore of 8 or more, stroke or transient ischemic attack within 3 months, renal dysfunction, or contraindication to antiplatelet therapy.
Three hundred forty-seven consecutive patients with more than 50% left main stenosis were screened between 2001 and 2004. Based on a joint decision by the lead interventional and surgical investigators, 122 patients were suitable for both procedures; 105 gave consent and were randomized to either PCI (n ϭ 52) or CABG (n ϭ 53) (Fig. 1) . Both groups were comparable with regard to basic clinical and angiographic data ( Table 1 ). All randomized patients underwent their assigned therapy (no crossovers).
The LV function was evaluated by 2-dimensional echocardiography before and 12 months after the index procedure. Treadmill stress tests were performed at 1, 3, 6, and 12 months after the procedure. Patients in the PCI group underwent a followup angiography within 4 to 6 months. Major adverse cardiac and cerebrovascular events (MACCE) and other major adverse events (MAE) were recorded during the entire follow-up period up to 5 years. Percutaneous revascularization. Direct stenting of the left main was a preferred strategy except for cases with critical luminal narrowing, for which predilatation was performed with small balloons (2.0 to 2.5 mm). For distal left main stenosis, stenting across the bifurcation toward the left anterior descending was performed first, and then provisional stenting of the circumflex artery with T-stenting or "culotte" technique was preferred. The crush stent technique was avoided. Post-dilation with kissing balloon angioplasty was always used to finish the distal left main stenting procedure. Drug-eluting stents were used for the left main with a reference diameter of Ͻ3.8 mm, and BMS were implanted if the left main reference diameter was 3.8 mm or greater. Based on these criteria, the left main was treated with DES in 35% of PCI patients. Stent length and diameter were selected on the basis of online quantitative coronary angiography (balloon to artery ratio 1:1.1) and post-dilated at high pressure (at least 16 atmospheres). A control intravascular ultrasound was recommended to assess the final results.
Intra-aortic balloon contrapulsation and percutaneous cardiopulmonary support were used only in the subgroup of patients with complex stenotic lesions in coronary vessels supplying more than 50% of the viable myocardium coexisting with significantly depressed LV function (left ventricular ejection fraction [LVEF] Ͻ25%). Therapy with acetylsalicylic acid and a thienopyridine (clopidogrel or ticlopidine) was initiated at least 2 days before the procedure. Intravenous glycoprotein IIb/IIIa blockers were used at the operator's discretion only in procedures performed in patients with complex coronary lesions and unstable angina. Unfractionated heparin was used in standard doses. Angiographic success was defined as left main residual stenosis Ͻ30%, minimal lumen diameter at least 3 mm, Thrombolysis In Myocardial Infarction flow grade 3, and no dissection. Clinical success included angiographic success and no death or myocardial infarction in-hospital outcome. Surgical revascularization. Operations were performed using standard anesthetic techniques. All but 1 operation were performed through a median sternotomy, with standard cardiopulmonary bypass and moderate systemic hypothermia. One patient underwent off-pump CABG. Left internal mammary artery grafts were used in 72% of CABG patients, and radial artery grafts were used in 9%. Pharmacologic treatment after revascularization. All patients stayed on double antiplatelet treatment for at least 12 months. Other pharmacological treatments (e.g., statins, angiotensin-converting enzyme inhibitors, beta-blockers) were recommended based on current practice and were left to the discretion of a supervising physician. Primary end point. The change in LVEF assessed by 2-dimensional echocardiography 12 months after the index intervention was the primary end point of this study. Secondary end points. Secondary end points included 30-day and 1-year MAE and MACCE, length of hospitalization, exercise tolerance measured with an electrocardiographic treadmill stress test along with angina severity according to the Canadian Cardiovascular Society classification after 1 year, total survival and freedom from MACCE, and target vessel failure (TVF) and revascularization (TVR). The MAE were defined as all-cause mortality, acute myocardial infarction (defined as an increase in creatine phosphokinase (CPK)-MB to higher than 3 times the upper limit of normal after PCI and 5 times after CABG), repeat revascularization, acute heart failure (e.g., pulmonary edema, cardiogenic shock), or low output syndrome requiring intravenous inotropic agents and/or intra-aortic balloon pump support, post-procedural complications leading to reintervention, stroke, arrhythmia (ventricular fibrillation, ventricular tachycardia, or atrial fibrillation), major bleeding requiring additional blood transfusion, and infections compromising post-procedural rehabilitation. Any cardiac mortality, acute myocardial infarction, stroke, repeat intervention, and/or acute/subacute in-stent thrombosis were considered MACCE. Target vessel failure was defined as any MACCE related to insufficient flow through the LMCA, and TVR as any repeat intervention (PCI or CABG) caused by a narrowing of the LMCA. The incidence of stent thrombosis was evaluated in accordance with the Academic Research Consortium Definitions of Stent Thrombosis (15) .
All clinical outcomes were analyzed by the Clinical Event Committee. Echocardiographic and stress test recordings were read centrally by a group of independent investigators unaware of treatment assignment. Left ventricular ejection fraction was assessed according to the recommendations of the American Society of Echocardiography, based on the Simpson method of LV volume measurement and second harmonic imaging (Sonos 7500, Phillips Medical Systems, Andover, Massachusetts) (16) . Reproducibility for 2-dimensional echocardiography recordings and measurements of LVEF calculated as a coefficient of variance ranged between 3.6% and 4.0%.
The treadmill stress test was performed using the Cornell protocol (17) and evaluated according to ACC/AHA guidelines (18) .
The 12-lead electrocardiography and CPK/CPK-MB levels were checked every 12 h during the first 3 days after the procedure and then subsequently in cases of myocardial ischemia (prolonged chest pain and/or electrocardiographic changes). Safety and ethics. The study protocol and written informed consent were approved by the Ethics Committee at the Medical University of Silesia. Percutaneous coronary intervention procedures were carried out by experienced interventional cardiology teams in high-volume centers (2,500 to 4,700 PCI procedures per year) with cardiac surgery backups on site. Surgery was carried out by experienced cardiac surgery teams (performing 2,000 to 3,000 CABG procedures per year with mortality rates of 2% to 3%).
Baseline Characteristics of the Study Groups Values are mean Ϯ SD or %. CABG ϭ coronary artery bypass grafting; CCS ϭ Canadian Cardiovascular Society; DES ϭ drug-eluting stent; DM ϭ diabetes mellitus; LAD ϭ left anterior descending; LIMA ϭ left internal mammary artery; LM ϭ left main; LVEF ϭ left ventricular ejection fraction; PCI ϭ percutaneous coronary intervention; QCA ϭ quantitative coronary angiography; STEMI ϭ ST-segment elevation myocardial infarction; NSTEMI ϭ non-ST-segment elevation myocardial infarction.
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Statistical analysis. All analyses were performed according to the intention-to-treat principle. The data with parametric distribution were expressed as means Ϯ standard deviations, whereas nonparametric data were expressed as absolute numbers Ϯ percentage. Moreover, 95% confidence intervals (CIs) and relative risk (RR) for results of the primary end point and selected secondary end points were calculated.
The parametric variables between the groups were compared using the unpaired Student t test. The 
The chi-square test or Fisher exact test was used for comparison of nonparametric variables. Survival curves were drawn using Kaplan-Meier analysis. The F-Cox test was used for comparison of the survival curves between the treatment arms.
The number of patients in both treatment groups was established based on prior observations (14) that differences in LVEF of more than 5% from the base value would be significant and detected with p Յ 0.05 and rejected with the power of the test Ͼ90%. The calculations were performed for the paired t, ANOVA, and Wilcoxon tests to make sure that irrespective of the distribution of the observed values, the study would obtain the relevant power of the test for its primary end point. Additionally, a delta between the 12-month and basic values of LVEF was calculated to support the significance of the observed changes above 3-point scores between the groups with a power of unpaired t test Ͼ85%.
Results
Early outcome. Angiographic success was obtained in all PCI patients, and in-hospital clinical success was observed in 98% of the patients in the PCI group and in 92% in the CABG group (p ϭ 0.4). The patients assigned to CABG waited longer for the index procedure: 14.0 Ϯ 27.1 days (median 4 days) prior to CABG versus 4.4 Ϯ 14.2 days (median 2 days) prior to PCI. There were no events during this period.
Between the index procedure and 30 days later, there were no deaths in the PCI group and 2 deaths in the CABG group (p ϭ 0.16). PCI was associated with a significantly lower risk of MAE (8% vs. 28%; 95% CI 0.64 to 0.94; RR 0.78; p ϭ 0.006) and MACCE (2% vs. 13%; 95% CI 0.79 to 0.99, RR 0.88; p ϭ 0.03) and shorter hospitalizations (6.8 Ϯ 3.7 days vs. 12.0 Ϯ 9.6 days; p ϭ 0.0007) ( Table 2) . A significant reduction of angina severity (Canadian Cardiovascular Society classification) after 1 month was observed in both groups (ANOVA Friedman test: p Ͻ 0.001). Late outcome. The LVEF values at baseline and after 12 months are presented in Figure 2 . The absolute change in LVEF (calculated as a delta) was significantly greater after PCI than after CABG (3.3 Ϯ 6.7%; 95% CI 1.3 to 5.3 vs. 0.5 Ϯ 0.8%; 95% CI 1.4 to 2.5; p ϭ 0.047). One year after Detailed List of MAE in CABG and PCI Group During the First Year After the Procedure The LE MANS Prospective Randomized Study revascularization, LVEF was also significantly better in the PCI group (Mann-Whitney U test: p ϭ 0.01). Post-procedure reduction of angina severity was maintained through 12 months of observation in both groups (Fig. 3 ). Patients after PCI had more angina after 6 months (Mann-Whitney U test: p ϭ 0.01) but had similar angina status to CABG patients after 12 months (p ϭ 0.11).
Patients after PCI and CABG performed equally well on treadmill stress tests with the exception of the first month post-procedure, when patients after PCI performed better (Fig. 4) .
Actuarial 1-year survival was comparable in both groups: 98.1% for PCI and 92.5% for CABG (p ϭ 0.37). During 28 Ϯ 9.9 months of follow up, there were 3 deaths in the PCI group (1 death during the first year) and 7 deaths in the CABG group (4 deaths during the first year, including in-hospital events). According to Kaplan-Meier analysis, there was a trend toward better long-term survival after PCI (F-Cox test: p ϭ 0.08) (Fig. 5) . The risk of MACCE and MAE in 12 months of observation was comparable in both groups (RR 1.09, 95% CI 0.85 to 1.38 and RR 0.89, 95% CI 0.64 to 1.23 for MACCE and MAE, respectively). The MACCE-free 1-year survival was nonsignificantly lower in the PCI group compared with the CABG group (71.2% vs. 75.5%, respectively; p ϭ 0.29), and the difference was mainly related to repeat revascularization (RR 1.27, 95% CI 1.05 to 1.54; p ϭ 0.01) ( Table 2) . Similarly, long-term MACCE-free survival did not differ significantly between the groups (53.9% vs. 56.6%, respectively; F-Cox test: p ϭ 0.47) (Fig. 6) .
The TVF was similar after CABG and PCI (9.4% vs. 9.6%; p ϭ 0.97). Left main in-stent restenosis occurred in 5 patients (9.6%), including 1 restenosis in the DES subgroup (5.5%) and 4 in the BMS subgroup (11.7%). Four patients were successfully treated with repeat PCI; in 1 patient after repeat PCI, a second restenosis occurred and CABG was performed (TVR, 9.6%).
Acute, subacute, and late stent thrombosis did not occur in the PCI group. 
Discussion
The Left Main Stenting trial is the first prospective randomized study comparing the outcome of PCI versus CABG in patients with ULMCA disease. Our study showed that there was a lower risk of 30-day events (MACCE and MAE) after PCI compared with CABG. After 12 months, LVEF improved significantly only in the PCI group. Both groups demonstrated similar improvement in angina and good long-term functional capacity on exercise stress testing. During the 28 Ϯ 9.9 months of follow up, MACCE-free survival was comparable in the PCI and CABG groups, but there was a trend toward lower risk of death in the PCI group. Improvement in LVEF with stenting but not after CABG may be explained by restoration of physiologic antegrade flow in the LMCA and major vessels, lack of perioperative reperfusion injury, and low incidence of myocardial infarction. The notion of the importance of physiologic antegrade flow is supported by the observations of Schmuziger and Christenson (5) after surgical restoration of physiologic perfusion of the LMCA by ostial patch angioplasty. Our prospective registry of ULMCA stenting also showed significant improvement of systolic LV function after percutaneous reconstruction of the left main lumen (14) . Previous surgical registries reported a high incidence of perioperative myocardial infarction in patients with left main disease undergoing bypass surgery (19, 20) , whereas left main stenting has been associated with a low risk of in-hospital death or myocardial infarction (1) (2) (3) (4) 21) . This potentially could also influence LV function in our study. Despite that, ULMCA stenosis remains one of the main indications for CABG because the randomized studies conducted in the 1970s and 1980, demonstrated an advantage of CABG over conservative treatment with a 65% relative reduction in mortality (21) (22) (23) (24) (25) (26) . Most recent studies evaluating surgical treatment for this cohort of patients reported an in-hospital mortality rate from 1.7% to 7.0% (19 -21,27) , which corresponds well with our findings of an in-hospital mortality rate of 3.8%. One-year survival of CABG patients in the present study was 92.5%, which is also comparable to prior reports that showed 1-year survival of 86% to 94% (21, 22, 26, 28) . On the other hand, a low risk of 30-day and 1-year mortality (0% to 4%) after elective DES implantation in ULMCA was recorded for large groups of patients in nonrandomized studies (21, 27) . This was confirmed in our study, for which there was a trend toward better survival after PCI in 3-to 4-year follow-ups despite selective use of DES only for small left main reference diameters (F-Cox test: p ϭ 0.08).
Recently published nonrandomized studies comparing DES implantation and CABG confirmed that treatment of ULMCA disease with PCI resulted in fewer early cardiac MAE and a lower or similar rate of late cardiovascular events (21, 27) . In our randomized study, we confirmed a lower rate of 30-day MAE and MACCE in the PCI group, as well as a similar rate of TVR and late MACCE during 3 to 4 years of follow-up. This is the first study that recorded all MAE (e.g., arrhythmia, heart and renal failure, excessive bleeding) to compare results of percutaneous and surgical myocardial revascularization. Based on the current literature, those factors have a negative influence on patients' post-procedural progress and are routinely used to compare different surgical techniques of revascularization (29, 30) . We believe that the treatment of periprocedural atrial fibrillation or infections needs time and resource-consuming therapy, not less than repeat angioplasty for restenotic lesions. 
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According to the new definition of in-stent thrombosis (15) , there was no such late incidence in the PCI group. We connect this favorable outcome to selective use of DES and our technique of left main stenting (the provisional stenting of a side branch and no crashed stents). The strategy of selective use of DES was chosen because at the start of the trial, DES with diameters of more than 3.5 mm were not available. Furthermore, our prior experience demonstrated that when the left main reference diameter is greater than 3.8 mm, the use of large-diameter BMS with high radial strength results in very limited recoil and large minimal luminal diameter after the procedure (14) . Nonetheless, the total left main restenosis rate was only 9.6%. There was 1 case of restenosis in a patient with DES (5.5%) and 4 cases of restenosis with BMS (11.7%) with a total TVR of 9.6%. In comparison, the TVR after ULMCA stenting in RESEARCH/T-SEARCH registries was 6% and 23%, respectively, after DES and BMS implantation (4, 31) .
The innovative strategy of this study is also related to a rigid follow-up and routine control angiography, as well as treatment of in-stent ULMCA restenosis with repeat PCI. In all 5 cases with renarrowing of the left main, successful percutaneous intervention was accomplished, resulting in good long-term results. Only 1 patient during the long-term observation underwent surgical revascularization. Similar good outcomes after repeat PCI for left main in-stent restenosis have been confirmed by other authors (32) . Study limitations. The main limitation of our study is the relatively small number of randomized patients. This is related to the fact that surgical revascularization is presently considered the treatment of choice for patients with severe narrowing of ULMCA, and all current guidelines limit indications for left main stenting only to patients with protected left main stenosis or patients with high surgical risk (33) . Therefore, based on prior experience, a prespecified number of patients had to be randomized to show the advantage of left main stenting for improvement of LV function (14) . Because of the size of this study, it must be considered hypothesis generating rather than offering a definitive answer. Our results must be confirmed in a larger randomized trial.
Conclusions
Based on the results of our study, we conclude that patients with ULMCA disease treated with stent-supported PCI have favorable early outcomes in comparison with CABG. At 1 year, LVEF improved only in the PCI group. Both procedures resulted in similar angina relief at 1 year and equal risk of left main TVF. Freedom from MACCE was comparable after more than 2 years of follow-up, and there was a trend for better survival in the PCI group. These findings support the need for larger randomized trials with clinical primary end points. 
